Although relatively rare, leukemias place a considerable financial burden on society and cause psychologic trauma to many families. Leukemia is the most common cancer in children. 
chronic lymphocytic (CLL), acute myeloid (AML), and chronic myeloid (CML). These classifications are not exhaustive because a small number of acute leukemias have features characteristic of both the myeloid and lymphoid lineages, and are thus designated acute biphenotypic leukemias (2) . In addition, another minor form of chronic leukemia, hairy cell, accounts for less than 2% of all cases (3) .
The frequencies of these four major types of leukemia in children differ from those in adults (Table 1) . Based on a research report from the National Cancer Institute (NCI), AML is the most common form among adults, followed by CLL (3) . On the other hand, ALL, which occurs relatively rarely among adults (approximately 6%), accounts for most childhood leukemia cases (4) . The acute leukemias are further classified into subtypes under the FrenchAmerican-British (FAB) system. The subtypes and frequencies of acute leukemias are summarized in Table 2 . In the United States, myeloblastic and/or monoblastic (M1, M2, M4, M5) leukemias are the most common AMLs in both children and adults (4, 5) , with the M4 category being the most common form in newborns (6) . Li is the most common subtype of ALL in children, whereas L2 is more frequently seen among adults (Table 2) (7). However, the FAB dassifications have not proved useful in the clinical management of ALL; therefore, ALL is more often subclassified according to immunophenotype in the clinical setting (4) . Under this system, early pre-B cell and pre-B cell are the most common forms of childhood ALL (Table 2) .
Incidence of Leukemia
The global incidence of leukemias is about 8 to 9 per 100,000 people each year. Approximately 250,000 new cases occur annually worldwide, about 28,000 of those in the United States (8, 9) . Leukemia accounts for 2.5% of overall cancer States has increased approximately 20% over the past two decades, mostly in the 0-to 4-year-old age group (10) . Over the course of this century, leukemia rates have also generally increased. The incidence of leukemia grew steeply between 1900 and 1940 (11) , and in Denmark increased 3- fold between 1943 and 1977, primarily because of increases in AML (12) . Between 1969 and 1977, AML also increased 20% in 85 
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Early pre-B cell aAML in adult data includes children and adults; however, as childhood AML accounts for a small fraction of all AML cases, these figures may represent adult percentages. Data modified from Pui (4), Lichtman (5) , and Mauer (7). (3, 5) , has increased substantially among men over 40 years of age (14) . The increased incidence of AML among older males and the fact that the highest rates of acute leukemia occur in industrial areas both suggest the importance of occupational and environmental risk factors. In addition, the incidence of certain forms of preleukemia, known as myelodysplastic syndromes (MDS), may be increasing, but this could actually reflect increased awareness on the part of physicians and extended use of diagnostic procedures in elderly patients and may not be due to changes in etiologic factors (15) . However, the incidence of MDS in Danish children has been reported higher than generally assumed and approximates the incidence of childhood AML (16 (10) and Greaves (18) . The risk factors thought to be involved in leukemias are summarized in Table 3 .
Genetic predisposition may play a major role in both adult and childhood leukemia ( (10) . The incidence of childhood ALL in the United AML1 at 21q22 (19) . Another common genetic abnormality is the rearrangement of the MLL gene at 1 1q23, which is found among 80% of infants with leukemia (10) . A familial form of monosomy 7 has also been recognized, in which two or more siblings develop myeloid leukemia before the age of 20 (20) . This may involve a tumor suppressor gene on chromosome 7 . As yet, however, no leukemia-specific suppressor genes have been identified, and these inherited genetic defects can explain the causes for only a small but significant proportion of acute leukemias (up to 5%) (18) .
Another group of risk factors includes occupational and environmental exposure to radiation or chemicals ( Table 3 ). The best established cause of leukemia among children is in utero exposure to diagnostic X-rays (10) . Leukemia in adults is strongly associated with occupational exposure to ionizing radiation (18 (9) . Further, treatment may cause long-term damage and increased morbidity. Leukemias, therefore, place an enormous financial burden on society and cause serious psychologic trauma for many families (27) . Identifying the causes of leukemia is therefore an important public health concern, as it could lead to the eventual prevention of this disease. Traditional epidemiologic studies have largely failed to identify the causes of leukemias in the general population. We have taken a molecular epidemiologic approach, in which traditional epidemiologic methods are combined with the latest tools of molecular biology and cytogenetics, in investigating the causes of leukemia. In recent years, our laboratory has been searching for potential biomarkers of benzene exposure that may be used to find the causes of leukemia in the general population. Benzene has served as a model environmental leukemogen in these studies.
Benzene as a Model Chemical Leukemogen
Benzene's toxic effects on the marrow were first described in 1897 (28, 29) and the first case report of leukemia from benzene appeared in 1928 (30) . The ability of benzene to cause AML was first fully established in the 1970s following epidemiologic studies in Italy and Turkey (23, (31) (32) (33) countries is its use as a component of gasoline and the fact that the shift to unleaded gasoline has tended to increase its benzene content (36) (37) (38) (39) (40) (41) (42) . In the United States, the current benzene content of gasoline is generally below 1%, but in other countries super unleaded gasoline can contain greater than 5% benzene (43) . Another major source of public exposure to benzene is cigarette smoking. A pack-a-day smoker inhales approximately 2 mg/day, and nonsmokers who live, travel, or work with smokers are exposed to benzene through side-stream or second-hand smoke (44) . Because benzene is also present in many foodstuffs, the background level of benzene intake for nonsmokers has been estimated at 0.5 mg/day (45) . It is therefore difficult, if not impossible, to avoid exposure to benzene. Furthermore, benzene and solvents containing more than 1% benzene continue to be used in many countries, including China, former members of the Soviet Bloc, South America (46) (47) (48) (49) , and even Spain, where a case of benzene-induced aplastic anemia was recently described (50 (Figure 1 ). CYP2E1 therefore plays an essential role in benzene toxicity by activating it to potentially toxic metabolites (53, 54) . On the other hand, GST can detoxify benzene oxide by converting it to a less toxic or nontoxic derivative, phenylmercapturic acid (55) . The polyhydroxy metabolites HQ, CAT, and BT are further converted in the bone marrow by MPO to benzoquinones, which are potent hematotoxic and genotoxic compounds (Figure 1 ). Benzoquinones can, in turn, be converted back to less toxic hydroxybenzenes by NQO1 (53, 56) (Figure 1) .
Between 5 and 20% of people in a given population may lack significant NQO1 activity (57) (58) (59) (58) . We are also currently investigating the role of the NQOI 609C -T mutation in acute leukemia in general, induding therapy-related leukemias. Preliminary evidence suggests that the NQOI polymorphism is a risk factor for some types of therapy-related leukemia.
MPO activates all the phenolic metabolites of benzene to highly toxic free radicals and quinones (62) (63) (64) . MPO is an enzyme found primarily in neutrophils and their precursors. An inherited polymorphism in the MPO gene has recently been described (65) . The polymorphism is a single base substitution (G to A) in an Alu repeat in the promoter region of the MPO gene. The presence of an A rather than a G at this site decreases expression by about two-thirds in homozygous mutant individuals (65) . Theoretically, then, people who have mutant homozygous alleles in MPO should be at lower risk of benzene hematotoxicity. This hypothesis is being tested in our laboratory using a new restriction fragment length polymorphism/polymerase chain reaction (PCR) method for detecting the mutant allele (66) . Interestingly, this new method has recently been used to show that individuals with homozygous mutant alleles in the MPO gene are at significantly decreased risk of lung cancer. Further, earlier studies using sequencing showed that cases of AML-M3 and AML-M4 have a decreased incidence of the mutant allele, also suggesting that homozygous mutant individuals would be resistant to these subtypes of AML (65) . However, this analysis was based on only eight cases of AML-M3 and -M4 and requires confirmation.
The potential role of GST polymorphisms in benzene hematotoxicity is currently unclear. The GST-p (GSTM1) and GST-0 (GSTT1) subclasses are especially effective at detoxifying epoxides, including benzene oxide that is converted to nontoxic phenylmercapturic acid (Figure 1) (55) . Recent data, however, suggest that GSTs will not provide protection against benzoquinone metabolites of benzene because the glutathione conjugates of these metabolites are also hematotoxic (67) . Although one study reported that the GSTTI null genotype (homozygous gene deletion) was associated with an increased risk of MDS (68), a larger, more recent study did not find such an association (69) . Clearly, the role of GSTs in susceptibility to benzene hematotoxicity and to acute leukemia and MDS deserves further study. 
Biomarkers of Early Effect from Benzene Exposure
Another potential method of predicting who is most at risk for benzene-induced leukemia is to determine the extent of the genetic damage it produces in exposed individuals, using biomarkers of early effect. One means of assessing genetic damage is to measure mutations in specific genes such as GPA (70, 71 ). An increased GPA mutation frequency has been found in children with leukemia and in people exposed to radiation and leukemogenic anticancer drugs (72) . An increased level of gene-duplicating mutations in GPA has also been found in benzene-exposed workers (73 (84) (85) (86) (87) . We are currently investigating the utility of these data in improving the risk assessment for benzene. Because chromosome aberrations in peripheral blood lymphocytes are associated with increased risk for overall cancer incidence (88), especially for increased mortality from hematologic malignancies (89), it is possible that specific chromosome aberrations may provide even better markers of future leukemia risk.
Specific Chromosome Aberrations as Biomarkers of Leukemia Risk
Specific chromosome aberrations are the hallmark of human leukemia (90) (91) (92) . Aneuploidy, the loss or gain of specific chromosomes in AML and MDS (such as trisomy 8 and monosomy 5 and monosomy 7) , is commonly observed, as are specific chromosome translocations, inversions, and deletions [e.g., t(8;21), t(9;22), inv (16) , and long-arm deletion of chromosome 5] (91). Up to 65% of acute leukemias contain nonrandom somatically acquired chromosomal translocations or inversions (93) . These numerical aberrations and structural rearrangements affect gene expression in ways that subvert normal cell proliferation, differentiation, and survival.
The loss of chromosomes 5 and 7 and their long-arm deletions are the two most common changes in therapy-related AML (t-AML) and MDS, especially among patients previously treated with alkylating agents (94) . Treatment with topoisomerase II inhibitors is associated with balanced chromosome aberrations, such as t(4;1 1), t(6;11), and t(11;19), in t-AML (94, 95) . These specific chromosome aberrations are ] ) and previous exposure to paints (odds ratio 7.5) (97). In addition, trisomy and monosomy of the C-group chromosomes (6-12, X) were present in the bone marrow and blood of several benzeneinduced AML patients (98) (99) (100) (101) . Among these cases, clonal expansion of trisomy C, identified as trisomy 9 (98) , and of trisomy D (100) were observed in all leukemic cells examined. Monosomy 7 was also found in 100% of the bone marrow cells of one of the benzene-induced MDS cases (102) . Interestingly, the Philadelphia chromosome was observed by classical cytogenetics in a case of preleukemia (leukopenia) resulting from chronic exposure to benzene for 4 years without the signs of leukemia; after 4 years without exposure, the aberration disappeared (101) .
Thus, specific chromosome aberrations have been observed in both leukemia and preleukemia patients previously exposed to benzene. However, our studies have addressed an additional question: whether benzene exposure induces these specific chromosome aberrations, which might lead to the development of leukemia in exposed but nondiseased individuals. In answering this question, we believe that measuring disease-specific chromosome aberrations in exposed workers would be more significant than measuring general nonspecific aberrations, not only because disease-specific chromosome aberrations probably have better predictive value, but because recent studies in our laboratory suggest that chemicals cause aneuploidy of specific chromosomes or produce greater damage to some chromosomes than to others (103) . Most previous studies measured only general chromosome aberrations in benzene-exposed workers by conventional cytogenetic analysis (78) (79) (80) However, like conventional cytogenetic methods, metaphase analysis by FISH can only be performed on dividing cells. In peripheral blood, the cells that can most readily be stimulated to divide are the T lymphocytes; therefore, the most common technique used is cytogenetic analysis of metaphases from these cells. Peripheral T lymphocytes, though a target of the hematotoxic effects of benzene (108, 109) , are clearly not the target of genotoxic damage responsible for the development of AML and MDS. Thus, the validity of measuring AML-specific chromosome aberrations in peripheral T cells might be questioned. However, T cells might be considered a useful surrogate target because at least a portion are relatively long lived (> 1 year) and accumulate aberrations. Further, chromosome aberrations that confer selective advantages on cells of the myeloid lineage [e.g., del(7q), t(8,21)] should have no effect on T lymphocytes. Hence, detection of specific aberrations in T-cell metaphases is a measure of the number of cumulative critical hits that have occurred in the blood, and presumably the bone marrow, of control and exposed individuals on a per-cell basis. Specific chromosome aberrations in circulating T lymphocytes, which act as long-lived surrogates for stem cells in the marrow, may therefore serve as useful biomarkers of leukemia risk for benzene.
We applied FISH to determine the presence of specific chromosome aberrations in the lymphocytes of workers exposed to benzene and matched controls. Initially, we studied hyperdiploidy levels of chromosome 9 in interphase cells because trisomy 9 had been observed in benzene-poisoned patients (98, 110) and benzene metabolites induce hyperdiploidy of this chromosome in cultured lymphocytes in vitro (111, 112) . High benzene exposure increased hyperdiploidy of chromosome 9 in the lymphocytes of otherwise healthy workers, with trisomy 9 being the most prevalent form (113) . We have used interphase cytogenetics to study the hyperdiploidy of chromosomes 7 and 8. The findings were briefly reported in abstract form (114) and will be published elsewhere. Interphase cytogenetics cannot be used, however, to confidently detect monosomy or rare translocations because of artifacts related to probe overlap (104) . Monosomy 5 and 7 and translocations (8;21) are among the most common aberrations observed in AML (90, 91) . We have therefore begun to use chromosome painting and region-specific fluorescent probes to examine AML-specific aberrations, including monosomy 5, monosomy 7, del(5)(q31), del(7)(q22q34), and t(8;21), in metaphase spreads prepared from the lymphocytes ofworkers exposed to benzene and matched controls. Increased frequencies of t(8;21) and trisomy 8 and 21 have been detected among workers exposed to benzene (115) . Monosomy 5 and 7 and their longarm deletions also increased in the exposed workers (116) . 
Benzene and Childhood Leukemia
Clusters of childhood leukemias have occurred around Superfund sites (122) , and in Britain, Knox (123) reported that cases of childhood leukemia commonly occur closer to industrial installations. He concluded: "The common patterns of close association of clustered and nonclustered cases imply a common etiological component arising from a common environmental hazard-namely the use of fossil fuels, especially petroleum" (123) . This work implicates benzene and petroleum products in the development of childhood leukemia, but the findings are highly controversial and were challenged in the literature (124) . Recently, Knox and co-workers (125) expanded on their original findings and examined relationships between addresses at birth and death of children dying from leukemia and other cancers in Britain and the sites of potential environmental hazards. They studied all 22,458 children 0 to 15 then passed on to the offspring or causes direct genetic damage in the fetus following maternal exposure. They also imply that key changes related to the development of childhood leukemia occur before birth. This idea is strongly supported by the work of Ford, Greaves, and co-workers, which has clearly shown that genetic changes related to leukemia development occur before birth in a number of cases (132) , including twins who developed T-cell leukemia at 9 years of age (133) . Benzene crosses the placenta, and reproductive studies in both humans and rodents have shown that benzene exposure of either the male or the female can have harmful effects on the fetus (134, 135) . The idea that exposure of the male can lead to leukemia in the offspring is supported by the recent, quite startling finding that paternal preconception smoking was related to a significantly elevated risk of childhood cancers, particularly acute leukemia and lymphoma (136) . The risks rose with increasing pack-years of paternal preconception smoking for ALL (p for trend= 0.01) and total cancer (p for trend = 0.006). Compared with children whose fathers had never smoked cigarettes, children whose fathers smoked more than 5 pack-years prior to their conception had adjusted odds ratios of 3.8 (95% CI= 1.3-12.3) for ALL. Clearly, more studies are needed of the relationship between parental benzene exposure and childhood leukemia, but evidence is mounting that parental genotoxic exposure is important and that key changes involved in the subsequent development of childhood leukemia can occur before birth.
Biomarkers of Childhood Leukemia Risk
We are studying a large number of cases of childhood leukemia in Northern California using molecular approaches and subclassification. FISH and PCR are being used as tools to subclassify leukemias into cytogenetic or molecular subtypes and help determine etiology, as first suggested many years ago by Kessler and Lilienfeld (137) and expanded upon by Sandier and Collman (11) . Further, we aim to examine whether certain cytogenetic changes are present at birth, as is suggested by the research findings described previously. If key genetic changes occur in utero or are inherited from one or both parents, we may be able to detect these changes at birth using analysis of neonatal blood spots (Guthrie cards) from leukemia cases by PCR (138) . If specific changes are detectable, it may be possible in the future to predict which children are most at risk of subsequently developing leukemia. Recently, Gale et al. (138) have reported that t(4; 1 1) MLL-AF4 gene fusion sequences can be detected in neonatal blood spots of all patients 0.5 to 2 years ofage.
Conclusion
Biomarkers of susceptibility to benzeneinduced hematotoxicity have been developed and more will surely be forthcoming. We and others are testing the utility of these biomarkers in predicting who is at risk for hematotoxicity and leukemia from occupational and other environmental exposures. FISH and PCR-based procedures, which measure the early effects of benzene and specific chromosome aberrations, also hold promise in predicting who is most at risk from exposure to benzene and other potential leukemogens. This endeavor deserves long-term study and is a future goal of our laboratory.
